North Dakota Middle Bakken-Three Forks development has proceeded in two phases; the first phase consisted of drilling one well per drilling spacing unit (DSU) to hold the lease. Due to the time between completion of the initial well (H1) and infill development, the H1 depletion can significantly affect infill well hydraulic fracture geometry and impact well spacing decisions. The objective of this work was to characterize the effect of H1 well depletion on infill well fracture geometry and well performance. This paper documents the multi-disciplinary data integration that was required to calibrate the hydraulic fracture and reservoir simulation models.
Introduction
The LK Drilling and Spacing Unit (DSU) is located in the Southern part of the North Dakota Williston Basin in Dunn County. The LK DSU is a stand up 640-acre DSU, measuring one mile by one mile, with 4,500 to 5,000 ft laterals. The lateral lengths in the LK DSU are approximately half the typical North Dakota Bakken lateral length of 9,500 to 10,000 ft. The DSU consists of a pre-existing legacy well drilled in early 2010, LK-H1, and three wells drilled between November 2013 and January 2014, LK-H2, LK-H3, and LK-H4. Fig. 1 shows a map of the DSU. Wells H1 and H2 are located in the 40-ft-thick Middle Bakken (MB) siltstone. Wells H3 and H4 were drilled 50 ft deeper in the Three Forks (TF) Formation, also a siltstone, and separated from the overlying Middle Bakken by approximately 15 ft of Lower Bakken Shale (LBS). The H1 and H2 are landed approximately 11,090 ft deep, and the H3 and H4 are approximately 11,140 ft deep. The wells are separated by 750 to 900 ft. Fig. 2 shows the basic geo-model layering and approximate reservoir properties for the LK DSU. In the geo-model, the MB is represented by 5 layers, while the productive portion of the Three Ford (TF1) is represented by 12 layers. Water saturation in the TF1 increases toward the bottom of the interval. The Upper Bakken Shale (UBS) and Lower Bakken Shale (LBS) are represented by a single layer in the geo-model. Reservoir properties were geostatistically distributed in each layer. This area of the Bakken is over-pressured, with a reservoir pressure gradient of approximately 0.78 psi/ft (Pr~8500 psi).
The H1 well was hydraulically fractured in May 2010 using the open hole plug and perf technique with swell packers for zonal isolation. The well was completed with 14 stages and 4 perforation clusters per stage. The clusters were designed with 60° phasing and 6 shots per foot. The H1 was treated with a slick-water pad and 40/70 sand followed by a 20-lb crosslink gel and 20/40 ceramic sand ramp with maximum proppant concentration of 6 ppg and injection rate of 35 to 45 bpm.
During the drilling phase, the H2, H3, and H4 laterals were cemented in place to prepare for plug and perf operations. All of the wells were completed with 20 plug and perf stages with 3 clusters per stage. The clusters were designed with 60° phasing and 6 shots per foot. The fracture treatment consisted of a 25-lb crosslink gel and 40/70 and 20/40 white sand with a maximum proppant concentration of 3.5 ppg. The H2, H3, and H4 treatments were pumped at average rates of 27 bpm and maximum rates of 30 bpm. Table 1 gives a summary of the completions data for the wells. The H2 was used as a trial well to test four different diversion techniques and evaluate cluster efficiency, so the total and per stage volumes vary from the designs of the H3 and H4 wells. 
Fig. 1-Map of LK DSU
The LK project was designed as a multi-disciplinary data acquisition pilot to gather information and evaluate non-standard completion design and the impact to optimal well spacing. Table 2 gives a summary of the data collected. A Microseismic Depletion Delineation (MDD) was performed on the H1 before the new well fracturing operations. The objective of the MDD was to gain an understanding of the drainage area of a produced well by pressurizing the wellbore and hydraulic fractures that had previously been depleted (Dohmen et al., 2013 (Dohmen et al., , 2014 . Before the MDD operation, a pressure gauge was installed on the H1 to record bottomhole pressure (BHP) during the MDD operation and H2, H3, and H4 hydraulic fracture treatments. Microseismic mapping (MSM) was also used to measure hydraulic fracture geometry during the H2 and H4 completions. Microseismic monitoring for this project was performed using geophones positioned in the H3 lateral. The H3 lateral, landed in the Three Forks formation, is approximately 750 ft from the H2 lateral and 1,600 ft from the H4 lateral. Cement bond logs (CBL) were used to evaluate cement quality in the H2, H3, and H4 wells, while radioactive (RA) tracers and a production logging tool (PLT) were used in the H2 to evaluate completion efficiency. An image log was run in the H2 to identify natural fractures (if present). The image log and PLT interpretations were complex and the results did not materially affect the results presented in this paper.
Microseismic Data: MDD and Hydraulic Fracture Geometry
The MDD was performed before the completion of the H2 and H4 wells and consisted of pumping into the H1 at low rates of 3 to 4 bpm for 6 hours. Geophones were tractored into the H3 and positioned for microseismic monitoring during the MDD operation. The microcosmic data for the MDD and H2 and H4 completions are shown in Fig. 3 . The microcosmic data from the H2 and H3 completions and interpretation of hydraulic fracture geometry will be discussed in later sections, but reviewing Fig. 3 shows significant asymmetry in the event patterns toward the H1 well and routine "frac hits," as evidenced by the BHP gauge in the H1 well (bottom of Fig. 3) . The advanced MDD interpretation combined the microseismic events from the MDD injection with the microseismic events associated with "frac hits" to estimate the depletion pattern of the H1 well. The advanced MDD interpretation of the LK DSU are discussed in detail by Dohmen et al. (2017) , and the results are shown in Fig. 4 and Fig. 5 . The estimated drainage pattern for the H1 (Fig. 4) is believed to represent the lowest pressured areas or "deep" depletion associated with the H1 production. Fig. 5 shows a depth view of the advanced MDD interpretation, indicating TF1 drainage from the H1 MB well. The MDD provided significant insights into the H1 drainage area and connection to the TF that will be compared to subsequent hydraulic fracture modeling, geomechanically modeling, and reservoir simulation history matching.
The H2 lateral (MB well) was the first well to be fractured and observed with the microseismic array. The primary hydraulic fracture azimuth observed on the H2 confirmed previous Bakken microseismic studies showing the hydraulic fractures propagating at 55° NE. From the beginning of the operation, the hydraulic fractures showed significant asymmetrical growth toward the depleted H1 lateral (reference pressure and microseismic data in Fig. 4) . The asymmetry in the microseismic event patterns during the H2 completion was surprising based on the distance between the H1 and H2 wells and the depletion pattern indicated by the MDD. The H2 is approximately 1,500 ft from the H1 well and the MDD indicates the H1 drainage is within approximately 500 ft of the lateral (Fig. 4 ), yet there is significant asymmetry toward the H1 well. The total hydraulic fracture lengths for the H2 completion were routinely 1,700 ft to 2,000 ft, with 80% or more of the length in the direction of the H1 well. The asymmetrical fracture growth was further observed during the H4 completion. Fig. 3 shows the pressure gauge data in the H1 lateral (bottom graph) along with the microseismic events for each of the observed wells. As the H2 was hydraulically fractured, microseismic events that crossed the H3 observation well were noted on various stages. These "frac hits" correspond to the increases in pressure recorded on the BHP gauge in the H1 well. The pressure increases in the H1 well coincide with the appearance of microseismic events in the vicinity of the H1 well, supporting the interpretation that the microseismic data can be used to estimate hydraulic fracture length. Moving towards the heel of the H2 lateral, the trajectory of the lateral becomes oriented in the direction of SHmax, resulting in a coalescence of the fractures from each cluster and between stages. Fig. 7 compares the microseismic event patterns for stage 1 and stages 16-20. The stage 1 fracture is approximately 2,300 ft in total length, while the fractures from stages 16-20 overlap and create a fracture that is 3,500 ft in total length. Due to the interaction of stress shadow from stages 16-19, the microseismic events for stage 20 are very asymmetric to the southwest, even though the fracture is outside the H1 depletion pattern. The microseismic data (Fig. 6) shows that the hydraulic fractures in the H2 lateral are not contained in the Middle Bakken formation, but rather grow down into the Three Forks formation and continue to propagate laterally.
The H4 TF lateral was fractured upon the completion of the H2. The initial stages of the H4 lateral do not show the same asymmetrical microseismic events towards the H1 as the H2 lateral. The hydraulic fractures from these stages follow the 55° NE fracture azimuth, which does not intersect the depletion mapped from the H1 during the MDD. The asymmetrical fracture growth is not seen in the microseismic until Stage 4 of the H4 lateral and is further confirmed by the pressure gauge data in the H3 (reference Fig. 3) . The fractures from the H4 TF lateral grew upward into the MB with similar fracture heights and depth coverage to the fractures from the H2 MB lateral (reference Fig. 5 and  Fig. 6 ). The H2 and H4 fracture heights support the MDD interpretation that both the MB and TF are produced from the H1 MB lateral. The H2 and H4 microseismic provides important constraints for subsequent hydraulic fracture and geomechanical modeling. 
H1 Hydraulic Fracture Modeling, Production History Match, and Geomechanical Modeling
The first steps in the LK DSU evaluation were to model the H1 hydraulic fractures, history match the H1 production to date, and estimate the 3D change in stress due to the H1 depletion. The basic workflow used for this project is discussed by Cipolla et al. (2011) , while Weng et al. (2011) discuss the details of the fracture model. Cipolla et al. (2018) provide additional details of the workflow and discuss the basics of fracture model calibration.
In addition to reservoir properties required for reservoir simulation, the LK DSU geo-model included rock properties, stress and other data required for hydraulic fracture modeling (Young's modulus and Shmin are shown in Fig. 2) . The reservoir, rock mechanical, and stress data for geo-model were obtained from nearby well logs, core, and DFITs. Since this well was completed in 2010, there was no microseismic data to guide the H1 fracture modeling. Therefore, the H1 fracture geometries were calibrated using microseismic data from previous projects and also compared to the H1 MDD and H2 and H4 microseismic to ensure reasonable results.
The LK DSU fracture modeling assumed relatively planar fractures and that a fracture was initiated for each perforation cluster (i.e., four fractures per stage). The fracture model calculates the interaction or stress shadowing between the fractures in each stage, thus the fracture geometries can vary for fractures within a stage and the fractures may not be strictly planar. The average height from H1 fracture modeling was approximately 200 ft with fractures extending up into the lower Lodgepole formation and down into the Three Forks formation (maximum height was ~320 ft). This coincides with the MDD data showing MSM events extending in these formations (Fig. 5) . Although fracture lengths vary from stage to stage due to actual treatment volumes, and within stages due to stress shadowing, fracture half-lengths were approximately 950 ft. In addition to fracture geometry, net pressure was also used to calibrate the hydraulic fracture model. The fracture model predicted net pressures in the Bakken are 400 to 600 psi, consistent typical Bakken completions. Fig. 8 shows a plan view of the H1 hydraulic fractures, including the propped and un-propped regions; approximately 50% of the fracture length is propped. The H1 MDD outline is also shown in Fig. 8 , illustrating that the MDD outline roughly corresponds to the propped regions from the fracture modeling. However, a significant portion of the fracture length extends beyond the MDD outline, consisting mostly of the un-propped portion of the fracture length. The hydraulic fractures geometries and location of propped and un-propped regions were discretely mapped into the reservoir simulation grid.
The H1 well produced approximately 215,000 bbls of oil in four years before the drilling and completion of the H2, H3, and H4 wells. The H1 GOR was 1,000 scf/bbl and water cut was approximately 20%. The H1 oil rate was used to constrain the simulation model and reservoir permeability and hydraulic fracture conductivity varied to match FBHP. The history match permeability and input water saturations are shown in Fig. 2 . It should be noted that relative permeability to oil (kro) is approximately 0.1. to 0.3 depending on the initial water saturation, resulting in 50 to 600 nd permeability to oil (ko) in the MB and TF1 productive intervals (average ko~200 nd).
The initial fracture conductivities at original reservoir pressure were 4 md-ft for the un-propped fractures, 60 md-ft for 40/70 sand, and 200 md-ft for 20/40 ceramic. The history match fracture conductivities at 8000 psi closure stress were 0.002 mdft for the un-propped fractures, 0.6 md-ft for 20/40 sand, and 2 md-ft for 20/40 ceramic. The severe reduction in fracture conductivity is due to a combination of increased closure stress and three-phase-flow below the bubble point pressure (~3500 psi). The cumulative oil production (model input) and the FBHP history match are shown in Fig. 9 . The H1 FBHP and the model FBHP are in good agreement during the initial flow period before the installation of artificial lift (6-12 months). The model FBHP also matches the limited FBHP measurements after the installation of artificial lift and is consistent with BHP before the MDD. Fig. 10 shows the pressure distribution in the MB before the completion of the H2, H3, and H4 wells and the MDD drainage outline. The MDD drainage outline is consistent with the region of lowest pressure (~2500 psi), which correspond to the propped region of the hydraulic fracture. However, there is a region of modest depletion that extends significantly father from the H1 well (~6500 psi), all the way to the H2 and H4 wells (Fig. 10) , that is associated with the very low conductivity un-propped fractures. Unlike propped fracture conductivity, where significant lab data are available to estimate in-situ conductivity (reference Stim-Lab Predict-K 2017), there is considerable uncertainty and often vigorous debates concerning the conductivity and productivity of un-propped fractures. Although the reservoir permeability and propped and unpropped fracture conductivity used in the production modeling match the H1 history, the history match is non-unique. However, the integration of the H2 microseismic and geomechanical modeling can be used to evaluate the validity of the history match parameters. 
Geomechanical Modeling and H2 and H4 Hydraulic Fracture Modeling
As discussed previously, there appeared to be an inconsistency between the H1 MDD depletion pattern that indicated depletion did not extend beyond the H3 well (Fig. 4) and the severe asymmetry of the H1 hydraulic fractures (Fig. 3) . However, with the inclusion of the unpropped regions of the hydraulic fractures in the reservoir simulation history match, the results show two distinct depletion regions that could be consistent with the depletion pattern from the H1 MDD and the severe asymmetry of the H2 hydraulic fractures. To confirm this hypothesis, a 3D finite element geomechanical model was used to calculate the stress changes due to the H1 depletion and the results were used when modeling the H2 and H4 hydraulic fractures. Fig. 11 shows the results of the geomechanical modeling results, illustrating the significant decrease in Shmin due to the H1 depletion. Based on the microseismic data that did not indicate significant changes in fracture azimuth (i.e., no fracture reorientation due to the H1 depletion), the geomechanical modeling assumed a large difference between Shmin and SHmax, with SHmax = 0.9*Sv. Additional details of the H1 depletion and LK DSU geomechanics as they relate to hydraulic fracture geometry and MDD behavior are presented by Dohmen et al. (2017) and Mack et al. (2016) . The results from the geomechanical modeling were direct inputs for the subsequent H2, H3, and H4 hydraulic fracture modeling.
Consistent with the H1 fracture modeling, the H2, H3, and H4 modeling assumed a fracture would be propagated from each perforation cluster (three fracture/stage). This assumption was supported by RA tracer data that confirmed fractures were routinely initiated from all three perforation clusters. However, fractures may coalesce due to stress shadowing effects and the interaction with the stress changes due to the H1 depletion. Fig. 12 and Fig. 13 compare the hydraulic fracture modeling for select stages in the H2 and H4 to the microseismic event patterns for those stages, showing that the fracture modeling and microseismic data are in good agreement. The average tip-to-tip fracture length for the H2 was 1,800 ft, with growth primarily toward the H1. Fracture geometries for the H3 completion were modeled, but there was no microseismic data for comparison.
The tip-to-tip fracture lengths for the H3 and H4 were approximately 950 ft, with highly asymmetric growth toward the H1. The H2, H3, and H4 fracture heights were mostly contained within the MB and TF1 intervals in the regions of H1 pressure depletion. It should be emphasized that the H2 fractures grew downward into the TF, and the H3 and H4 fractures grew upward into the MB; this is consistent with the microseismic data (MDD) interpretation showing that the H1 was draining the TF, and the "frac hits" recorded on the H1 BHP gauge (reference Fig. 3) .
The severe asymmetry observed in the microseismic event patterns for the H2, which was not anticipated based on the H1 MDD depletion pattern, was accurately predicted by the hydraulic fracture model (Fig. 12) using the geomechanical modeling results (Fig. 11) based on the H1 history match pressure distribution (Fig. 10) .
The consistency of the modeling results and microseismic data support the interpretation that the MDD depletion outline represents the region of primary depletion associated with the propped hydraulic fractures. Low conductivity un-propped hydraulic fractures result in a region of secondary depletion that can cause severe asymmetry in new well hydraulic fracture geometry at distances well beyond the area of primary depletion. Extreme hydraulic fracture asymmetry at similar distances has been observed in microseismic data from other projects, supporting the reliability of the hydraulic fracture, geomechanical, and reservoir simulation models. The final step in the workflow was to incorporate the hydraulic fracture modeling results for the H2, H3, and H4 wells into the reservoir simulation grid and history match the LK DSU production. Reservoir Simulation History Matching: H1, H2, H3, and H4
A portion of the reservoir simulation grid, showing only the hydraulic fractures, is presented in Fig. 14. The figure shows the location of the various proppant types and the un-propped regions of the fractures. As evidenced by the microseismic data and almost continuous "frac hits" (Fig. 3) , there is significant interlace and overlap of the fractures from the four wells. Fig. 15 shows the H1 production history before and after the completion and production of the H2, H3, and H4 wells. The H1 "frac hits" resulted in significant increase in H1 production (~3X). The predicted oil rate for the H1, which includes the effect of the offset well hydraulic fractures that were connected to the H1 well or intersected the H1 fractures, is included the prediction. Although the reservoir simulation model predicts slightly lower oil rates for the H1, there is reasonable agreement between the model and actual H1 oil rates. The predicted water cut and GOR were in reasonable agreement with the actual H1 data. The reservoir parameters used to match the initial H1 production (Fig. 9) were not changed for the four-well prediction. The history match of the initial eight months of production for H2, H3, and H4 wells is presented in Fig. 16 , showing good agreement between the simulation model and actual FBHP (oil rate was input). Water cut and a general upward trend in GOR were also adequately predicted by the simulation model. Surprisingly little adjustment was needed to achieve the match shown in Fig. 16 . However, the compaction table for the propped and un-propped hydraulic fractures was adjusted to model a less severe reduction in conductivity with increasing closure stress. This resulted in an approximately 3X increase in fracture conductivity at the current FBHP compared to the history match of the initial H1 production (Fig. 9) . The apparent increase in fracture conductivity is likely due to the significant overlap of the hydraulic fractures within the LK DSU.
The history match of the LK DSU is limited to the first eight months of production and will be updated as more production data are available. However, this preliminary history match has provided significant insights into hydraulic fracture conductivity, effective fracture lengths, and the connectivity between the MB and TF.
Summary
The integration of geology, microseismic, hydraulic fracture modeling, geomechanics, and reservoir simulation resulted in significant insights into well performance and more reliable models that have played a pivotal role in optimizing completions and well spacing in the Bakken. The MDD and subsequent advanced interpretation provided a measurement of the drainage area and MB-TF connectivity in the H1 well. Microseismic from the H2 and H4 completions showed very asymmetric fracture growth toward the H1 depletion and provided fracture geometry measurements to calibrate the hydraulic fracture model. The H1 history match and subsequent geomechanical modeling provided calibrations for reservoir parameters and hydraulic fracture geometry/conductivity that were used to evaluate infill well completions and DSU performance.
Conclusions
1. Effective fracture half-lengths for the LK-H1 are approximately 900 ft, and both propped and un-propped regions of the fractures can contribute to well productivity and reservoir drainage. 2. Well productivity and primary drainage are dominated by the propped regions of the hydraulic fractures. In the LK-H1, primary drainage extended approximately 400 ft on either side of the lateral. 3. In the LK DSU, hydraulic fractures from MB completions extend downward into the TF and hydraulic fractures from TF completions extend upward into the MB. In the LK DSU, where the LBS is relatively thin, connectivity between the MB and TF appears to allow both intervals to be produced for extended time periods (i.e., MB laterals drain the TF and TF laterals drain the MB). 4. Severe hydraulic fracture asymmetry can result at distances of 1,600 ft due to secondary drainage from unpropped fractures. In the LK-H1, secondary drainage extended approximately 1,400 ft on either side of the lateral. Geomechanical modeling showed that secondary depletion results in stress changes that explain the severe asymmetry. 5. In-situ fracture conductivity in the LK DSU using 20/40 sand can range from 60 md-ft at low closure stress to 0.6 md-ft at high closure stress, while un-propped fracture conductivity can range from 4 md-ft at low closure stress to 0.002 md-ft at high closure stress. Fracture conductivity appears to be higher when fractures from multiple infill wells overlap or coalesce. 
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